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Introduction
Ice formation in the atmosphere directly influences the Earth's climate and hydrological cycle through its contributions to the radiative effects of clouds and through precipitation (Lohmann, 2006; Pruppacher & Klett, 1997) . Although global precipitation and radiative properties of clouds are influenced by the ice phase which is initiated by ice nucleating particles (INPs) (DeMott et al., 2011; Kanji et al., 2017) , our knowledge about the ice forming processes and the particles involved is incomplete (Kanji et al., 2017) . The ice phase in the atmosphere can either form through homogeneous freezing of super cooled liquid water droplets at temperatures below À38°C or form through heterogeneous freezing where an INP initiates the freezing process from the liquid or gas phase. Previous research has established that different airborne particles such as organic and inorganic particles, soot, crystalline salts, and biological particles are IN active (Hoose & Möhler, 2012) . Throughout its lifetime in the atmosphere, an INP can encounter changes to its shape, morphology, and chemical structure caused by physical or chemical processing. Processing of the particle may affect its ability to act as an INP, thus influencing cloud processes. For chemical processing, condensation of chemicals onto the particle with masking of the IN active sites along with the formation of a liquid layer around the INP and chemical alteration of the INP's surface by reaction have been investigated (Archuleta et al., 2005; Kanji et al., 2017; Sullivan, Miñambres et al., 2010 , Sullivan, Petters et al., 2010 Sihvonen et al., 2014) . Data from several studies suggest that the IN activity of an INP decreases as a result of chemical processing (e.g., Cziczo et al., 2009; Kanji, Florea, & Abbatt, 2008; Wex et al., 2014) . Much uncertainty still exists about the effect that oxidation as a form of chemical processing has on INPs. In particular, oxidation is likely to have a significant influence on organic INPs, given their numerous chemical functionalities that are susceptible to oxidative processes.
Fungal spores, bacteria, and pollen are known to efficiently nucleate ice under atmospheric conditions (Möhler et al., 2007) and will be exposed to oxidants after being emitted from their biogenic sources (Després et al., 2012) . In particular, pollen grains carry large amounts of water extractable compounds on their surface (Breiteneder et al., 1989; Clarke et al., 1979; Schulte et al., 2009) and inside the grains, which are released primarily during rainfall (Schäppi et al., 1999) . These smaller water extractable compounds, found to be polysaccharides (Dreischmeier et al., 2017) , are IN active (Pummer et al., 2012) . Another term used for pollen compounds released into the atmosphere are subpollen particles (SPPs) with submicron sizes (Steiner et al., 2015) . A few prior studies of oxidation of biological/organic ice nucleating materials have been conducted, all via ozone oxidation (Attard et al., 2012; Brooks et al., 2014; Sarron et al., 2013; Wang & Knopf, 2011 surface oxidation and react in clouds, given that cloud water OH is known to form via a number of sources (Lelieveld & Crutzen, 1991) .
The goals of this study were to investigate the effects of the hydroxyl radical on the IN activity of silver birch (Betula pendula) and grey alder (Alnus incana) pollen washing water, as common examples of biological IN active particles (Diehl et al., 2002; Dreischmeier et al., 2017; von Blohn et al., 2005) . The pollen materials are exposed to OH under in-cloud conditions, and IN activity is evaluated for deposition freezing mode, where water vapor freezes onto an INP from a supersaturated vapor phase with respect to ice. IN activity changes are qualitatively related to chemical changes that occur upon oxidation.
Materials and Oxidation Procedure
Silver birch pollen (Betula pendula; collected between 28 and 30 March 2014 on land and roadside, South Czech Republic; contained <2.3% contamination) and grey alder pollen (Alnus incana; collected on 27 February and 2 March 2017 from land side, South Czech Republic; contained <7.1% contamination) were purchased as unprocessed (i.e., nondefatted) samples from Pharmallerga®. In addition to the biological pollen samples, Arizona Test Dust (ATD; nominal 0-5 μm, analysis 5,282 K) purchased from Powder Technology Inc.
(Minnesota, USA) was tested in this study.
Pollen (0.2 g birch pollen, 0.4 g alder pollen) and dust (3 g ATD) samples were prepared as suspensions in 200 mL MilliQ® water, manually shaken for 5 min and left for 1 h to allow large and heavy particles to settle. The top part of the suspension, with the total organic carbon value being approximately 128 mg/L for birch and 183 mg/L for alder pollen for each prepared sample, was then transferred to an atomizer bottle where 500 mM hydrogen peroxide (Sigma Aldrich, 30%) was added and photolyzed using a 254 nm Pen-Ray® lamp to generate OH inside the aqueous-phase sample; the samples were stirred continuously. The amount of hydrogen peroxide added to the samples is equivalent to an OH concentration of approximately 4 × 10 À13 M and therefore 1 to 2 orders of magnitude higher than expected in-cloud OH concentrations (Arakaki et al., 2013) . OH concentration was quantified from the decay of benzoic acid (Buxton et al., 1988) , which was added to the samples in a separate test and measured using highperformance liquid chromatography. A full description of the measurement and results are provided in the supporting information; a schematic of the experimental procedure is shown in Figure 1 .
IN activity measurements were conducted by using the University of Toronto Continuous Flow Diffusion
Chamber (UT-CFDC) (Kanji & Abbatt, 2009 ). Particles were atomized using a Constant Output Atomizer (TSI Model 3076) and dried through two diffusion driers in series, before being size selected to 200 nm using a Differential Mobility Analyzer (TSI Model 3080). The number of particles in the sample flow was detected by a Condensation Particle Counter (CPC, TSI Model 3010) and set to approximately 400 to 1,000 particles per cm À3 . A known number of particles were introduced into the UT-CFDC through a six-port stainless steel injector and represent 10% of the total flow of 2.83 LPM through the chamber. The remaining 90% of the air through the chamber is a dry nitrogen flow, keeping the sample air centered between the parallel walls of the chamber. The residence time of particles inside the chamber was 12 s, allowing ice nucleation and growth of ice particles to sizes greater than 2 μm. Water droplets under this condition of 234 K and 12 s residence time Geophysical Research Letters
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inside the chamber only grow to sizes below 2 μm, permitting discrimination between ice and water based on size. Growth rates were calculated using growth rate equations from Rogers and Yau (1989) . Ice crystals are detected by a six-channel Optical Particle Counter (MetOne GT-526S) at the outlet of the UT-CFDC, and counts in the size bins above 2 μm are selected for data analysis, representing ice particles. The supersaturation in the chamber is accurate to the 1% level, as determined by studying the homogeneous freezing of 200 nm sulfuric acid aerosol. Typical maximum fractional activation values for this chamber are close to 0.1, with values below unity arising from loss of ice particles (Kanji & Abbatt, 2009 ). Chemical analysis was performed on samples directly taken from the atomizer bottle without size selection. For measurements of untreated pollen and dust samples, no OH was generated in the solution.
Ice Nucleation Activity of Chemically Oxidized Pollen
The change of IN activity initiated by chemical or physical processing alters the particles' relevance for cloud processes. In this study, we investigated the change of IN activity of two types of pollen as well as ATD under the exposure to OH for in-cloud conditions ( Figure 2) . The particles were treated with OH in the aqueous phase, and their IN activity was measured with the CFDC operated in deposition freezing mode at 234 K and supersaturation with respect to ice (RH i ) ranging from 100% RH i to 150% RH i during each experiment. Given the high hygroscopicity of polysaccharides which are likely constituents of the sampled particles, hygroscopic growth inside the chamber prior to freezing may have occurred. The hygroscopic growth may have led the ice nucleation to occur in immersion/condensation mode rather than true deposition mode. Five 5 s long measurement intervals were averaged and plotted as the observed activated fraction (AF) against the ice saturation ratio, obtained from measured chamber temperatures during an experiment. AFs of particles are shown on log scale, and intervals where the observed AF was averaged to zero are indicated with gray line markers at the lowest value shown on the y axis. Exposure of the samples to OH was maintained for 4 h, while measurements of IN activity were taken hourly starting 2 h after adding OH to the sample. To determine the ice onsets for untreated and oxidized pollen, a threshold of the observed "ice AF" being 4 times the value of the measured instrumental background was the requirement that needed to be reached to count the measurement as ice active (see Table 1 ). This criterion for ice nucleation activity is convenient to indicate the change in activity with oxidation and has no specific atmospheric significance. In both cases, a plateau of the AF is observed until water saturation is reached at RH i 146% and 234 K.
A comparison of the two data sets for birch and alder pollen reveals that both pollen types are IN active at RH i between 127% and 128%; however, the data show differences in their AFs with birch pollen showing a higher AF (2 × 10 À3 ) than alder pollen (2 × 10 À4 ). Both pollen types responded to OH exposure with a decrease of their IN activity where ice onsets were shifted to 133% RH i for birch pollen and to 138% RH i for alder pollen, respectively, for 4 h exposure time to OH. After 4 h of OH exposure, the plateaus of the AFs after ice onset are decreased by roughly an order of magnitude to AFs of 2 × 10 À4 for birch and to 4 × 10 À5 for alder pollen. The nonbiological ATD showed a continuous increase of the AF at increasing RH i , with values at 100% RH i likely In agreement with past immersion mode experiments, we find that both untreated birch and alder pollen are ice nucleation active (Augustin et al., 2013; Diehl et al., 2002; Pummer et al., 2012; von Blohn et al., 2005) . We believe these are the first laboratory studies of the deposition mode IN activity of such materials, although a shift to immersion/condensation freezing may be occurring given the high hygroscopicity of polysaccharides found in pollen which enable hygroscopic growth prior to freezing. More importantly, the data demonstrate that cloud water OH effectively lowers their IN activity. In particular, oxidative processing suppresses the AF of SPPs at 234 K by approximately 1 order of magnitude and shifts the ice onset to higher supersaturation values. Both silver birch and grey alder pollen respond similarly to oxidation, while the nonbiological material does not change under OH exposure. All results were reproducible across three experiments for each pollen type. We note that the two prior studies of ozone aging of biological particles have also either shown suppression of IN activity or no effect (Attard et al., 2012; Sarron et al., 2013) .
With the oxidation affecting only the biological samples tested, it is possible to hypothesize that biological particles, such as pollen, carry chemical structures that are altered through chemical oxidation while inorganic substances remain unaffected. Given the preparation mode, via pollen-washing and 200 nm size selection, we believe that clusters of macromolecules are likely being oxidized. Consequently, chemical analysis was conducted to further investigate the potential changes in the molecular structure of the pollen component.
Chemical Changes in Oxidized Pollen
From oxidation studies on organic material it is known that the hydroxy radical readily oxidizes dissolved organics in cloud water and in aerosol particles, with functionalization of the compounds involved followed by molecular fragmentation if sufficient oxidation occurs (George & Abbatt, 2010; Pöschl & Shiraiwa, 2015; Zhao et al., 2017) . Chemical analysis attempts to potential changes of the molecular structure of the IN active pollen resulting from oxidation. Motivated by the qualitative observation of color loss of pollen samples during OH exposure when IN activity was measured, the presence and change of conjugation in the substrates is investigated using ultraviolet-visible (UV-Vis) spectrometry (Ocean Optics, USB2000+ UV-Vis-ES using a broadband source). As well, analysis with Fourier transform infrared spectroscopy in attenuated total reflection mode (ATR; NICOLET ™ iS ™ FT-IR spectrometer, Thermo Fisher) is conducted to relate changes of IN activity to functional group changes of the pollen material.
For UV-Vis analysis, 1 mL of the sample was transferred to a 1 cm standard cuvette, and the spectral range from 200 nm to 550 nm was measured. The results of the UV-Vis analysis are shown in Figure 3a for Note. Background levels are calculated from ice particle counts for sizes above 2 μm and ice supersaturations from 100% to 110% where no activity of the pollen was observed. Ice onsets are determined as AF values above 4 times the background values for the respective experiment.
Geophysical Research Letters 10.1002/2017GL076357 untreated and oxidized birch pollen. A decline of absorbance can be observed for the spectral range between 300 nm and 400 nm over the course of a 4 h exposure time to OH. Alder pollen show very similar results which are presented in Figure S4 in the supporting information. The observed decline of absorbance indicates a loss of conjugated double bonds in the pollen compound structure and is consistent with the qualitatively observed color loss over the course of an OH exposure experiment. The yellow color of pollen arises from the presence of flavonoids (Gould & Lister, 2006) which consist of two phenyl-and one heterocyclic rings that strongly absorb in the UV spectral range and protect the pollen from harmful UV-B radiation (Flenley, 2011) . Flavonoids are mainly associated with the outer wall of pollen and are readily extractable (Wiermann & Vieth, 1983) .
Fourier transform infrared ATR analysis required higher pollen concentrations for good signal quality. Therefore, 0.8 g of birch or alder pollen was suspended in 200 mL MilliQ® water and exposed to OH as described in section 2. From each sample, 20 μL was dried onto the ATR crystal applying a small flow of dry nitrogen. For birch pollen, the ATR spectra for the spectral range from 1800 cm À1 to 800 cm À1 are consistent with data obtained in Dreischmeier et al. (2017) , where birch washing water was investigated and found to indicate the presence of polysaccharides. Changes to the ATR spectra during OH exposure times are apparent for the spectral ranges 1,780 cm À1 to 1,690 cm À1 and 1,020 cm À1 to 957 cm À1 . The decline of signals at approximately 990 and 920 cm À1 can be explained by the bending mode associated with C═C─H bonds disappearing, which suggests these functionalities being chemically modified by OH oxidation. Although harder to see, there is also a decrease in the shoulder at roughly 1,650 cm À1 , which is likely loss of the carbon-carbon double bond stretch. Increasing absorbance between 1,780 cm À1 and 1,690 cm À1 suggests a gain of carbonyl groups, thus indicating that chemical oxidation is occurring. As well, there is evidence for formation of carbon-oxygen single bonds at roughly 1,200 cm À1 .
We cannot directly relate these observed rates of chemical modification to the rates of loss of IN activity, given that ice nucleation is likely occurring via a small subset of surficial compounds or structures on the surface of the SPP. However, we believe it is fair to assume that the ice nucleating molecules/structures are likely being oxidized at a similar rate as the overall changes illustrated in Figure 3 and that such oxidation is the cause of the loss of IN activity. Indeed, it is intriguing that the rates of both chemical and IN activity modification are qualitatively so similar, that is, substantial change for each in the first 2 h of oxidation.
Atmospheric Implications
The aim of this work has been to examine the effect of chemical oxidation by OH on the IN activity of pollen compounds, under cloud water conditions. In particular, although it is very well acknowledged that OH oxidative processing occurs of organic aerosol and dissolved cloud water organics (George & Abbatt, 2010; Herrmann et al., 2010; Zhao et al., 2017) , the role of such chemical processing on ice nucleating activity has not been assessed for biological particles. For the first time, measurements of IN activity have shown that ice nucleation activity of birch and alder pollen washing water is decreased by chemical oxidation in cloud water. The concentrations of aqueous OH in our experiments are at the upper limit of OH concentrations in cloud water. These relatively high OH concentrations limit the experiments to a first approximation of From this result, we suggest that chemical oxidation by OH in cloud water needs to be considered to refine parameterizations of relevant INP processing to improve global climate models (Boucher et al., 2013) , as this process has the potential to lower IN activity. We anticipate that the impact will only occur after considerable time of in-cloud processing, given the rates of the IN deactivation displayed in Figure 2 . As well, it is possible that such processing may occur at the flower/plant source as well, for example, when dew and sunlight are present. By contrast, experiments confirm that OH oxidation does not affect the activity of the tested atmospheric mineral dust ATD, as tested for a relatively inert inorganic substrate. Therefore, a good knowledge of the molecular structure of biological IN material such as pollen is highly desirable but remains unclear. Future studies should aim to look at the molecular level of the pollen fragments by using, for example, highresolution microscopy to unveil potential changes of the chemical structure due to oxidation processes. Furthermore, other atmospheric oxidation processes, such as heterogeneous oxidation by OH radicals, also need to be investigated.
